A combination of the polarizable continuum model (PCM) and the hybrid quantum mechanics/molecular mechanics (QM/MM) methodology, PCM-MM/QM, is used to include the solute electronic polarization and then study the solvent effects on the low-lying n→π * excitation energy and the 15 N nuclear magnetic shielding of pyrazine and pyridazine in aqueous environment. The results obtained with PCM-MM/QM are compared with two other procedures, i.e., the conventional PCM and the iterative and sequential QM/MM (I-QM/MM). The QM calculations are made using density functional theory in the three procedures. For the excitation energies, the time-dependent B3LYP/6-311+G(d) model is used. For the magnetic shielding, the B3LYP/aug-pcS2(N)/pcS2(C,O,H) is used with the gauge-including atomic orbitals. In both cases, i.e., PCM-MM/QM and I-QM/MM, that use a discrete model of the solvent, the solute is surrounded by a first shell of explicit water molecules embedded by an electrostatic field of point charges for the outer shells. The best results are obtained including 28 explicit water molecules for the spectral calculations and 9 explicit water molecules for the magnetic shielding. Using the PCM-MM/QM methodology the results for the n→π * excitation energies of pyridazine and pyrazine are 32 070 ± 80 cm −1 and 32 675 ± 60 cm −1 , respectively, in good agreement with the corresponding I-MM/QM results of 32 540 ± 80 cm −1 and 32 710 ± 60 cm −1 and the experimental results of 33 450-33 580 cm −1 and 32 700-33 300 cm −1 . For the 15 N magnetic shielding, the corresponding numbers for the gas-water shifts obtained with PCM-MM/QM are 47.4 ± 1.3 ppm for pyridazine and 19.7 ± 1.1 ppm for pyrazine, compared with the I-QM/MM values of 53.4 ± 1.3 ppm and 19.5 ± 1.2 ppm and the experimental results of 42-54 ppm and 17-22 ppm, respectively. The agreement between the two procedures is found to be very good and both are in agreement with the experimental values. PCM-MM/QM approach gives a good solute polarization and could be considered in obtaining reliable results within the expected QM/MM accuracy. With this electronic polarization, the solvent effects on the electronic absorption spectra and the 15 N magnetic shielding of the diazines in water are well described by using only an electrostatic approximation. Finally, it is remarked that the experimental and theoretical results suggest that the 15 N nuclear magnetic shielding of any diazine has a clear dependence with the solvent polarity but not directly with the solute-solvent hydrogen bonds.
I. INTRODUCTION
Molecular systems interacting with a liquid environment is common to several situations found in physics, chemistry, and biology. Therefore, isolated molecules are not the most common situations. Experimental studies of molecular properties and spectroscopy made in chemistry laboratories use solvents. Biomolecules manifest their essential functions in water environment. Hence, the natural interest in understanding the role of the solvent in molecular properties and spectroscopy has made this an area of intense theoretical research. This can now be considered as one of the major focuses of theoretical chemistry and molecular physics. The first successful ideas on how to treat the interaction of a reference molecule a) Author to whom correspondence should be addressed. Electronic mail:
canuto@if.usp.br.
with an environment was made in the 1930 s. 1, 2 It was only in the 1970s that the modern treatment started by including quantum mechanics in the self-consistent reaction field and in the polarizable continuum environment. 3, 4 Today, among several possible continuum models [3] [4] [5] [6] [7] [8] the polarizable continuum model (PCM) developed by Tomasi and Persico [7] [8] [9] [10] [11] is one of the most successful and is used at large. There are situations where specific interactions, temperature effects, or the need for a closer microscopic look demand a more detailed analysis. For this reason, in recent years one has also testified a great increase in the use of computer simulations combined with some quantum mechanics approach. [12] [13] [14] [15] [16] [17] [18] [19] Essentially, molecular mechanics (MM) in a computer simulation -either with Monte Carlo method (MC) or with molecular dynamics (MD) -is used for generating the liquid structure and the quantum mechanics (QM) is used for obtaining the molecular property or spectrum. This combined QM/MM approach can be made at the same time with an appropriate partition of the MM and QM parts, or it can be made sequentially. In this case, the MM simulation is made first and is then followed by QM calculations on the structures generated. There are advantages and disadvantages in either case. In the first case, the partition of QM and MM is not as clear in a liquid situation as it seems to be in an enzyme study. Also the computational demand is relatively high if the QM part is made along with the MM part. In the second case, the sequential QM/MM approach, [16] [17] [18] the main disadvantage is that performing the MM and QM parts separately may preclude the possibility of one influencing the other. This emphasizes the necessity of a careful consideration of the mutual polarization between the solute and the solvent. In several applications, one reference molecule is immersed in a large number of solvent molecules. For this extreme dilution, the solvent polarization by the solute is relatively important but much less compared to the solute polarization by the solvent. In addition, the original force fields are parameterized to reproduce the thermodynamic properties of the liquid, a condition better satisfied by the solvent than by the single solute. Thus, we focus on the electronic polarization of the solute by the solvent. Because of its importance, procedures have been developed [19] [20] [21] [22] [23] [24] [25] to account for this. Using the sequential QM/MM methodology, we have adopted 26 a relatively accurate procedure that is based in an iterative procedure that brings the solute molecule into electrostatic equilibrium with the solvent. This involves a series of simulations and quantum mechanics calculations made iteratively until the electrostatic moments of the solute converge within a specified criterion. Normally, the atomic charges of the solute are recalculated until the corresponding dipole moment converges. Although successful use of this procedure has already been made, it is clear that for large or very large molecules this may become computationally inconvenient. To advance in this direction, it would be of interest to have a more simple procedure. We have recently considered the possibility of using the PCM polarization in the MM approach for generating the liquid configurations. This combination of PCM and QM/MM methodology (PCM-MM/QM) was very successful in the calculations of the optical and magnetic properties of the pyrimidine molecule in water. 27 One of the conclusions of that work is that combining the simplicity of the PCM model and the efficient QM/MM methodology is an open avenue that deserves further exploration. This is the subject of this present work.
In this study, we calculate the optical and magnetic properties of pyridazine and pyrazine in water using a sequential Monte Carlo and quantum mechanical approach. [16] [17] [18] Two alternatives are used for the electronic solute polarization: one is the simple PCM polarization, whereas the other is the iterative polarization. A set of supermolecular configurations composed of one solute molecule surrounded by the nearest 500 water molecules is generated using MC simulations were the solute polarization is included using both the iterative (I-QM/MM) 26 and the PCM-MM/QM 27 procedures. Next, the optical and magnetic properties are calculated using different models of solvation for both polarizations and a detailed comparison is made. To provide a more complete picture containing results for all diazines, in appropriate parts we also include recently reported results for the pyrimidine molecule in water solution. 27 We concentrate in the analysis of the low-lying n→π * absorption bands and the 15 N nuclear magnetic shielding of diazines in water. These two properties are complementary as they exhibit short and long range effects of the solute polarization. And understanding the effects of water on the spectroscopic properties of diazines are still of interest [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] for multiple reasons, including their role as models for bio-molecular systems and also the importance of the solute-solvent hydrogen bonds. As it will be seen, the PCM-MM/QM methodology will give accurate results for the optical and magnetic properties for both polar (pyrimidine and pyridazine) and nonpolar (pyrazine) molecules.
II. CALCULATION DETAILS
Sequential Monte Carlo simulation/quantum mechanic calculations are performed to obtain the optical and magnetic properties of pyridazine and pyrazine in water. Solute-solvent configurations are generated by the MC simulation and quantum mechanical calculations are performed on these configurations composed of one solute surrounded by several water molecules treated as explicit molecules or/and as point charges.
The Monte Carlo simulations use the Metropolis sampling technique in the NPT ensemble implemented in the DICE program. 43 The system is composed by one solute embedded in 1000 molecules of water in normal conditions (temperature of 298 K and pressure of 1 atm). The periodic boundary condition and the image method are used in a cubic box of size L that changes during the simulation. The solute and solvent molecular geometries are fixed during the MC simulations with the geometry of the diazines obtained from a MP2/6-31+G(d,p) optimization for the isolated molecule. Another procedure normally used is to optimize the geometry using a PCM calculation, thus incorporating some of the solvent effect in the molecular structure. For the diazines, because of the relative stiffness of the geometry, this is essentially immaterial influencing the magnetic shielding, for instance, by less than 2 ppm, as will be seen below. The intermolecular interactions are described by the conventional Lennard-Jones (LJ) plus Coulomb potential with three parameters for each atomic site (ε i , σ i , and q i ) and the combination rules are
In the calculation of the configurational energy, each molecule interacts with all other molecules within a center of mass separation that is smaller than the cutoff radius r c = L/2. For separations larger than r c , the long range correction of the LJ potential energy is estimated assuming a uniform distribution, G cm-cm (r > r c ) ≈ 1.
The simple point charge (SPC) model 44 is used for the force field of the water molecules. For the diazines, we use the LJ parameters of the optimized parameters for liquid simulation (OPLS). 45, 46 These parameters are ε N = 0.170 kcal/mol and σ N = 3.250 Å for the nitrogen atoms and ε C = 0.110 kcal/mol and σ C = 3.750 Å for the carbon atoms. But the atomic charges of the diazines were obtained using different procedures corresponding to the solute polarization model adopted. The solute polarization is included using the PCM-MM/QM and I-QM/MM procedures analogous to a previous study performed on pyrimidine. 27 In the I-QM/MM procedure, we first perform a MP2/aug-cc-pVDZ calculation for the isolated molecule and obtain the atomic charges using the CHELPG electrostatic mapping (iteration 0). Initially, these charges are used in the Coulomb potential of the MC simulations. After that, the average atomic charges and dipole moment of the solute are calculated using the average solvent electrostatic configuration (ASEC) procedure 47 with the MP2/aug-cc-pVDZ level of calculation. This is somewhat analogous to an early QM/MM consideration where the solute charges were derived from an average electrostatic potential. 22 It is also the idea largely explored by Aguilar and co-workers. 19, 26 These average atomic charges are updated in the Coulomb part of the solute intermolecular interaction potential for a subsequent MC simulation. This process changes the atomic charges, and thus, the electrostatic moments of the solute compared to the calculated gas phase dipole moment. The process is then repeated until a convergence in the QM average dipole moment is obtained, when the solute is then in electrostatic equilibrium with the solvent. The atomic charges and the dipole moment obtained from this procedure will be discussed separately in Sec. III. The two studied diazines and its atomic labels are shown in Fig. 1 .
Each MC simulation is made in two parts: an equilibration stage consisting of 2.1×10 7 steps and a production stage of 5 × 10 8 steps, with a volume change in every 3000 steps in both stages. Using the configurations generated in the production stage, 100 configurations are sampled (with less than 12% of statistical correlation) for the quantum mechanical calculations. The absorption energies are obtained using the time-dependent density functional theory (TDDFT) 48 at the B3LYP/6-311+G(d) level. The 15 N magnetic shielding constants are calculated using DFT B3LYP with the gaugeincluding atomic orbitals (GIAOs) method. [49] [50] [51] For each diazine, the two nitrogen atoms are considered to be similar. For the shielding constants, an especially designed basis set was used for nuclear magnetic shielding calculations. 52 For the N atom, the aug-pcS2 basis set was used and for the remaining atoms (C, O, and H) the pcS2 basis set was used. Thus, the NMR parameter is calculated using the B3LYP/augpcS2(N)/pcS2(C,O,H) level of theory.
In the QM calculations, the solvent molecules are modeled using the continuum and the discrete models. For the continuum model, the polarizable continuum model with the integral equation formalism (IEF-PCM) was used. [7] [8] [9] [10] [11] In the discrete model, the following points were considered: (i) only the electrostatic contributions of the solvent molecules using the average solvent electrostatic configuration (ASEC solvation model); (ii) only the explicit inclusion of some hydrogenbonded water molecules (HB solvation model); and (iii) the explicit inclusion of some water molecules plus the bulk effect by the inclusion of the remaining outer solvent molecules treated as point charges composing an electrostatic embedding (Nw + PC solvation model, where N is the number of explicit water molecules).
The ASEC procedure 47 used in this work may be considered a configurational variant of the average solvent electrostatic potential (ASEP). 19 Here the ASEC includes all water molecules within the limit of 15.3 Å of the solute center of mass treated only as point charges. Therefore, it is composed by a superposition of 100 statistically uncorrelated configurations of 500 water molecules described as re-scaled atomic charges (q i /100), giving a total of 150 000 point charges (=3 atoms × 500 molecules × 100 configurations). Thus, as it was shown before 47 in the ASEC solvation model, only one QM calculation is performed in the average configuration, and it gives the same statistical average as the 100 QM calculations.
For the case of other solvation models, HB, HB+PC, and Nw+PC, all the optical and magnetic properties were calculated for 100 statistically uncorrelated configurations and then the average value and the statistical error were obtained. All QM calculations are performed with the GAUSSIAN 03 program.
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III. RESULTS AND DISCUSSION
A. Electronic polarization of diazines in water
For a polar molecule, the charge redistribution causes a change in the solute dipole moment but for nonpolar molecules this is not convenient. Thus, the atomic charges of pyridazine and pyrazine, obtained with the CHarges from Electrostatic Potentials using a Grid based method (CHELPG), 54 are considered and presented separately in Subsections III A 1 and III A 2.
Pyridazine
The gas phase dipole moment obtained for pyridazine is 4.13 D. This result is in good agreement with the experimental value of 4.22 D. 55 Applying the I-QM/MM procedure it was obtained an average in-water dipole moment of 6.74 D. The convergence is obtained, as it can be seen in Fig. 2 , in approximately six iterations. This calculated in-water dipole moment is larger than the value of 4.34 D for the original OPLS force field for the liquid pyridazine. 46 This iteratively calculated I-QM/MM value corresponds to an increase of ∼60% with respect of gas phase value. This is a typical increase of the in-water polarization effects. For comparison, the calculated in-water pyridazine dipole moment using PCM is 5.96 D. Using the calculated PCM charges in a MC simulation followed by an in-water PCM-MM/QM calculation at the same MP2 level it was obtained the value of 6.38 D. These last two val- ues, PCM and PCM-MM/QM, are also shown in Fig. 2 for comparison.
Pyrazine
As pyrazine has a null dipole moment, the polarization process was analyzed by the convergence of the mean charges in each atom type of the pyrazine molecule in aqueous environment. The pyrazine polarization process indicates that the mean charge in each site converges to a specific value in seven to nine iterations, as shown in Fig. 3 . All pyrazine charges are obtained using the same procedure used for the pyridazine Table I and the convergence of these charges is also shown in Fig. 3 . The pyridazine atomic charges exhibit the same behavior as in the pyrazine polarization process. Table I . 
B. Structural analysis and solute-solvent hydrogen-bonded configurations
In both the polarization schemes, the solvation shells are determined using the solute-solvent center of mass pairwise radial distribution function, G cm-cm (r). The solute-solvent hydrogen-bonded configurations are determined using the geometric and energetic criteria. [16] [17] [18] [56] [57] [58] The geometric criterion was obtained from the defined cutoff in the solutesolvent distance between nitrogen-oxygen atoms, R N-O , and in the solute-solvent angle between the nitrogen atom and the oxygen-hydrogen bond, θ N-OH . The energetic criterion was obtained from the defined cutoff in the pairwise energy distribution, E HB .
For the pyridazine and pyrazine molecules in water solution, the PCM-MM/QM and I-QM/MM results for the solvation shells and hydrogen bonds criteria are very similar to the one previously used in the pyrimidine study. 27 They are in very good agreement with previous diazines studies. [28] [29] [30] [31] [32] [33] To shorten the presentation of these results, in Fig. 4 we show only the radial distribution functions G cm-cm (r) and between solute-solvent N-O and N-H atoms, G N-O (r) and G N-H (r), respectively, and the calculated solute-solvent pairwise interaction energy for pyridazine molecule in water. It can be seen in Fig. 4(a) that the G cm-cm (r) distribution is essentially the same for the both polarization schemes. G cm-cm (r) presents two evident peaks for pyridazine (pyrazine): the first between about 2.75 Å (2.87) and 6.05 Å (6.00) with a maximum in 4.5 Å (4.3); and the second goes up to 9.30 Å (9.70). For both diazines, the spherical integration of the G cm-cm (r) gives 9 water molecules up to the first maximum, 28 water molecules in the first solvation shell, up to the first minimum and 115 (127) water molecules up to the second solvation shell of pyridazine (pyrazine). In the optical and magnetic QM calculations, we consider the influence of discrete (point charges) and explicit solvent models separately. In the first case, all molecules within the limit of 15.3 Å are considered as simple point charges in the ASEC model of solvation. In the explicit case, we consider the water molecules nearest to the solute molecule: 9 water molecules for the chemical shielding and 28 water molecules for the absorption spectra, embedded in the electrostatic field of the remaining 500 solvent molecules, 9w+PC and 28w+PC model of solvation, respectively.
As in several previous studies, 16-18, 27, 56-58 hydrogen bonds are identified using geometrical, R N-O and θ N-OH , and energetic, E HB , criteria. Therefore, the R N-O cutoff is obtained in the first minimum in the G N-O (r) shown in Fig. 4(b) and the E HB cutoff in the minimum of the solute-solvent pairwise energy distribution shown in Fig. 4(c) . The peaks in the G N-H (r) and G N-O (r) distributions are larger for the simulation using the I-QM/MM polarization than that using the PC-MM/QM polarization. This suggests a larger number of solute-solvent hydrogen bonds in the configurations generated by the MC simulations with I-QM/MM polarization scheme. Moreover, the two polarization schemes have the same cutoff distance, Table II .
In the QM calculations of the hydrogen-bond contribution to the spectroscopic properties, we have used supermolecular structures with one, two, and three water molecules for pyrazine in water, and one, two, three, and four water molecules for pyridazine in water following the statistics presented in Table II and will be referred to as HB solvation model.
C. Spectroscopic properties in water 1. Absorption spectra
The diazines have two n → π * absorption transitions because of the presence of one lone pair per nitrogen atom. The lowest n → π * absorption transition of diazines in several solvents and in gas phase has long been studied experimentally [59] [60] [61] [62] [63] [64] [65] [66] and theoretically. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] 67 Experimentally, pyrazine shows a very broad n → π * band in the region of 31 500 cm −1 in gas phase. 66 Baba and co-workers 62, 63 report that pyridazine (pyrazine) in isooctane and in water have a band in 29 740 (31 620) cm −1 and 33 580 (33 170) cm −1 , respectively. These values correspond to an isooctane-water blue shift of 3840 (1550) cm −1 for pyridazine (pyrazine). As the isooctane is a solvent with very low polarity, the gas-isooctane shift is expected to be very small. These experimental results for diazines in vacuum, in solvents of low polarity and in water are listed in Table III . Because of the broadband and the variety of results with low resolution for the absorption spectra, a direct comparison of the gas phase calculated value with the gas phase experimental value has to be made with care. However, using the results in low polarity and in water we can estimate the experimental values for the maximum of the n → π * band of pyridazine and pyrazine. This analysis provides the adopted values of 3900 ± 200 and 1700 ± 200 cm −1 for the gas-water shift of pyridazine and pyrazine, respectively. This means that we are adopting here smaller blue shifts than the previously adopted value of 4500 cm −1 for pyridazine. 41 For the explicit models of the solvent, first, only the hydrogen bonds are considered (HB solvation model) and after that the outer water molecules up to 500 water molecules are included as point charge (HB+PC solvation model). Next, we include 9 explicit water molecules that correspond to the first maximum in the G cm-cm (r) distribution (see Fig. 4(b) ), plus 491 nearest water molecules as point charges (9w+PC solvation model). Last, we consider the first solvation shell with 28 water molecules explicitly plus 472 nearest water molecules as point charges (28w+PC solvation model). All results for the lowest calculated n → π * absorption transition using different solvation models are shown in Table IV . All results are calculated for 100 different configurations and they are statistically converged with respect of this number of configurations.
For the isolate pyridazine (pyrazine), the calculated energy for the lowest n → π * absorption transition is 28 945 (31 895) cm −1 . Although a direct comparison between the calculated and the experimental gas phase value is difficult due to the existence of many vibronic lines in this region of the spectrum, 66 the calculated gas phase values are very close to the experimental values presented in Table III for Although the second n → π * absorption transition is optically forbidden, this was experimentally observed by electron scattering in a broad spectral region for pyrazine in gas phase. 66 For pyrazine, some theoretical works have obtained a degeneracy in the two n → π * absorption transitions. 34 In another work, Zeng et al. [28] [29] [30] considered a possible degeneracy between the two lowest absorption transitions for pyridazine in water due to the similarity between the first and the second π * orbitals. However, our calculations show that the two transitions are separated by 5700 (6190) cm −1 for pyridazine (pyrazine) in gas phase. Moreover, the degeneracy does not occur even with the inclusion of explicit water molecules. Our best results (28w+PC solvation model) show a separation of these two absorption transitions of ∼4500 (5600) cm for pyridazine (pyrazine). All results presented are in good agreement with previous calculations [28] [29] [30] [31] [32] 34 and also in good agreement with the experimental results. Table V summarizes our results for the gas-water shift of the lowest n → π * absorption transition of pyridazine and pyrazine and compares with other previous theoretical results. In general, different approaches give results that range from satisfactory till very good for the spectral shift, but the calculations of Zuccarello et al. 35 incorrectly obtain a red shift in the case of pyrazine, a more difficult case. Our present results using both polarization schemes are found to be in better agreement with the recent results of Kongsted and Mennucci, 33 Liu et al., 42 and Cossi et al. 10 TABLE V. Theoretical values for the lowest n → π * absorption transition (in cm −1 ) of pyridazine and pyrazine in water and the respective shifts with respect to the gas phase values. 
Nuclear magnetic shielding
In this section, we analyze the NMR shielding constant of the nitrogen atoms of pyridazine and pyrazine molecules in aqueous environment. The effect of the solute-solvent interaction on the NMR constants has been the main interest of theoretical 27, 33, 41 and experimental 68 studies. The experimental values of the nitrogen NMR shielding constants of diazines in several solvents were obtained by Witanowski et al. 68 The cyclohexane-water shift obtained by Witanowski is 41.5 (16.9) ppm for pyridazine (pyrazine). For the gas phase, the absolute value of the magnetic shielding should be slightly less than the experimental value of cyclohexane. Theoretically, Mennucci 41 using the GIAO method with DFT B3LYP/g-311+G(d,p) level obtained 19.43 (5.58) ppm for the cyclohexane-water NMR shift of pyridazine (pyrazine) and 31.4 (10.0) ppm for the gas-water shift. Thus, it exhibits a good correlation with the experimental results for the shift despite their slightly underestimated results for the shielding constants. These results give gas-cyclohexane shifts of 11.97 (4.42) ppm for the pyridazine (pyrazine) suggesting that this NMR shielding shift cannot be negligible. Therefore, the better comparison between our theoretical and the experimental results can be obtained after the estimate of the nuclear magnetic shielding value in gas-phase obtained by the extrapolation of the experimental results of reference. 68 In Figs 68 as a function of the normalized Reichardt polarity factor (E T N ), 69 are shown for pyridazine (pyrazine) for 12 distinct solvents. The analysis of these graphs shows that performing an extrapolation for the gas phase (E T N = −0.111) is possible but the final results are still subject to some small uncertainty. This extrapolation gives 44.1±3 (18.6±2) ppm for pyridazine (pyrazine) gas-water 15 N magnetic shielding shift. For comparison, the experimental values 68 added to the water-cyclohexane shift values obtained theoretically by Mennucci 41 gives 53.5 (21.3) ppm for the gas-water 15 N magnetic shielding of pyridazine (pyrazine). Thus, using these theoretical and experimental (extrapolated) results we assume that the 15 N magnetic shielding gas-water shifts are in the range of 42-54 ppm for pyridazine and in the range of 17-22 ppm for pyrazine.
An important point to be noted in the experimental results shown as a function of the Reichardt polarity (see Fig. 5 ) is the inexistence of different regimes for protic and nonprotic solvents. This suggests that the influence of hydrogen bonds in the 15 N magnetic shielding of diazines is not essential, opposed to what is normally expected.
Kongsted and Mennucci 33 showed that PCM has a tendency to underestimate the gas-water shift of the 15 N magnetic shielding of the diazines. This study 33 showed that using PCM the calculated gas-water shifts are 34.3 (11.5) ppm for pyridazine (pyrazine). However, the theoretical results of the gas-water shift can be improved by the inclusion of a few explicit water molecules even in geometry optimized cluster structures. 33, 41 A better way to describe the solvent effect in the magnetic shielding is by including the water molecules using the statistical analysis described in Subsection III B. In this case, the solute-solvent interactions reflect the proper thermodynamic condition. As an extension, the electrostatic interactions of the bulk can be included using the remaining solvent molecules as point charges. This is the procedure adopted here and all converged theoretical results for the 15 N gas-water chemical shift in parts per million for pyridazine and pyrazine using DFT B3LYP/aug-pcS2(N)/pcS-2(C,O,H) for the two polarization schemes are shown in Table VI .
Using only the solute-solvent hydrogen-bonded water molecules in the calculation of 15 These results show that the nonelectrostatic contributions presented by the hydrogen-bonded water molecules are essentially negligible. The calculations including in addition 9 explicit water molecules, 9w+PC solvation model, confirm this conclusion by increasing less than 1 ppm to the calculated shift. This also indicates that the addition of more explicit water molecules is not necessary and the most important contribution for the isotropic shielding of pyridazine and pyrazine is given by the electrostatic contributions of the solvent water molecules, included in the specific thermodynamic condition.
The best results obtained for the pyridazine (pyrazine) 15 N isotropic magnetic shielding gives a gas-water shift of 47.4 (19.7) ppm with PCM-MM/QM polarization and 53.4 (19.5) ppm with I-QM/MM polarization. These values show that the iterative polarization tends to give a slightly increased 15 N isotropic magnetic shielding of diazines when compared to the PCM polarization as noted before 27 for pyrimidine. This result seems to be a consequence of the larger polariza- 15 N isotropic magnetic shielding and gas-water shift (in ppm) of pyridazine and pyrazine using 100 statistically uncorrelated configurations obtained by the MC simulations using the two polarization schemes. The magnetic shieldings are calculated using DFT/B3LYP/GIAO/augpcS2(N)/pcS2(C,O,H) level and the error bars are the statistical error for the average values. Results in parenthesis were obtained using a geometry optimized with PCM. tion effects of the I-QM/MM procedure. Despite these differences both polarization models give results that are in agreement with the expected gas-water shift of 42-54 (17-22) ppm for pyridazine (pyrazine).
IV. CONCLUSIONS
A reference molecule changes its electrostatic moments when immersed in a liquid environment. This solute electronic polarization by the solvent is very important and known to influence the electronic properties such as the dipole moment, electronic spectrum, magnetic shielding, etc. In a typical QM/MM simulation, where the QM and MM parts are performed simultaneously, the electronic polarization is included naturally by the quantum mechanical part. However, an important variant with considerable computational saving is provided by the sequential procedure where the simulation is carried out first, and thus, uncoupled from the subsequent quantum mechanical calculations. This imposes the necessity to analyze carefully the mutual polarization. As the influence of the solute in the solvent is expected to be considerably smaller than the reverse polarization of the solute by the solvent, this has acquired the major attention. One possibility is to carry out an iterative procedure, with several sequential QM/MM calculations, updating the solute atomic charges, to bring the electrostatic moments of the solute into equilibration with the solvent. Although very successful, this approach has a clear computational disadvantage. Recent applications have shown that it is not very large for medium-sized molecules, but may become severe particularly when aiming at the solvent effects on bio-molecular systems. Another possibility is the use of the PCM polarization to obtain the electrostatic moments of the reference molecule to be used in the MM simulation of the liquid environment. Thus, the classical simulations are performed with the atomic charges of the molecule insolvent. This very simple method combines the simplicity of the PCM method without compromising on the use of explicit solvent molecules and in the proper thermodynamic condition. In this work, we have considered the electronic absorption spectra and the magnetic shielding of diazines in water. These two properties probe different and complementary aspects of the electronic polarization. Thus, we have compared the results obtained with the two polarizations, the iterative (I-QM/MM) and the PCM (PCM-MM/QM). The agreement between the two procedures is found to be very good and both are in good agreement with the experimental values. All considered in this study concludes that the PCM-MM/QM approach provides a possibility to be considered not only for large molecular systems, but also in obtaining reliable results within the expected QM/MM accuracy. The solvent effects on the electronic absorption spectra and the 15 N magnetic shielding of diazines in water is well described by using only an electrostatic approximation. Finally, it is found that the 15 N nuclear magnetic shielding of the diazines has a clear dependence with the solvent polarity but not directly with the solute-solvent hydrogen bonds.
